er activation in the precuneus for both fearful and angry faces. A negative relationship between overall face accuracy and activation in limbic regions was observed. Conclusion: Individual differences in response to the fMRI environment might lead to a greater heterogeneity of brain activation in control samples, decreasing the power to detect differences between clinical and comparison groups. The hypothalamic-pituitary-adrenal (HPA) axis is the primary circuit of the neuroendocrine stress system and a critical route by which the brain influences physical and psychological processes following exposure to threatening stimuli [1] . The HPA axis response to stress is a relatively slow hormonal cascade resulting in the production of glucocorticoids (cortisol in humans and corticosterone in animals). One of the primary functions of the HPA axis is to mobilize resources for defense during stress and/or threat and subsequently for repair and healing [2] . Al-
though fundamentally adaptive, the stress response system can become dysregulated under conditions of chronic or traumatic stress, resulting in increased susceptibility to physical and mental disorders [3] . Illustratively, exaggerated cortisol stress responses and elevated basal levels of endogenous cortisol have been implicated in the development and maintenance of depression and other mental disorders [4] . This relation may be partially mediated by enhanced activation and dendritic hypertrophy in the amygdala, as well as reduced dendritic arborization in the hippocampus [5] .
Much remains to be learned about the relations between neurobiological and physiological responses to stress and associated emotions. Recent research on the effects of exogenous cortisol suggests that relations between cortisol and negative emotions are dependent on situational factors, including the novelty of the experimental environment and task familiarity [6] . Studies have also found that elevated levels of cortisol may improve accuracy on emotional memory tasks [7, 8] . Few investigations have examined anticipatory cortisol or cortisol change in adults undergoing a functional magnetic resonance imaging (fMRI) scan in the absence of a standardized stressor task prior to scanning. Thus, it is still unknown whether the actual assessment of neural activity in a novel, confined space itself induces a physiological stress response in healthy adults, or if this may accentuate individual differences in stress physiological response, either of which could have implications for interpreting neuroimaging data gathered during an emotional processing task.
Networks involved in cortisol production and modulation overlap with cognitive and affective networks that process emotion experience and regulation. Experimental and neuroimaging research on the neural correlates of cortisol has largely focused on the hippocampus, amygdala, and the prefrontal cortex (PFC) [5, 9] . Following stress, increased activity in the hippocampus facilitates downregulation of the HPA axis via inhibitory connections to the paraventricular nucleus of the hypothalamus [10] , revealing an inverse relationship between hippocampal activation and the cortisol response to stress [11] [12] [13] . Conversely, increased activation in the amygdala is correlated with increased cortisol levels, suggesting that the amygdala is involved in the recruitment and ongoing excitation of the HPA axis [14, 15] . In addition, the insula is involved in interoceptive monitoring [16] and may respond to fluctuations in cortisol. Insula and amygdala involvement in saliency, emotion, and attention is well established [17] , and hyperactivity within this network may underlie anxiety-related processes [5, 17, 18] . Anatomical connections to the hypothalamus, amygdala, nucleus accumbens, and additional limbic structures have led to the supposition that this network is involved in autonomic and visceral regulation [19] . Areas of the lateral and medial PFC participate in both the activation and regulation of the HPA axis [20] . For example, left and right lateral PFC activation has been associated with increased and decreased cortisol reactivity to psychosocial stress, respectively [11, [20] [21] [22] , and activation of the medial PFC has been associated with decreased cortisol reactivity to stress [11] . Given its functional connectivity with the amygdala, the medial PFC likely participates in the downregulation of the stress response and might facilitate attenuation of cortisol levels [23] [24] [25] [26] .
fMRI is increasingly being used to examine the neural circuits implicated in the activation and modulation of the stress response system. However, it is unclear whether the fMRI scanner environment itself may elicit HPA activation or may be affected by individual differences in stress responses. The anticipation and experience of fMRI procedures can potentially evoke distress, anxiety, claustrophobia, and arousal of the sympathetic nervous system [27] [28] [29] [30] . Low to moderate levels of stress from fMRI exposure may increase cortisol levels, thereby affecting neural functioning and task performance, even among healthy control subjects [31] . A few investigations have demonstrated that anticipation of and first-time exposure to fMRI procedures increases cortisol and heart rate [28, [31] [32] [33] , whereas others have found that fMRI produces a more nuanced stress effect, impacting only some individuals or dissipating over the course of an fMRI scan [27, 34] . The lack of clarity on this important topic is notable given the substantial amount of research conducted using emotion regulation paradigms that operate on existing assumptions about cortisol reactivity for 'baseline' conditions. In short, these presumptions maintain that cortisol levels measured over the course of fMRI procedures do not differ from HPA activity as measured over typical daily activities [35, 36] . These assumptions may impede the appropriate use of emotion and stress challenge tasks in the fMRI environment and may threaten clear interpretation of results when these challenge tasks are used in concert with assessment of HPA reactivity.
In building a better understanding of the physiological response elicited by fMRI procedures, we tested the following hypotheses: (1) cortisol levels immediately prior to the fMRI procedures would be higher compared to baseline day measurements from nonscan days; (2) individual differences in cortisol in anticipation of an fMRI scanning session (prescan cortisol) will predict greater subsequent activation in the limbic and regulatory regions of the brain during an emotional perception task; (3) individual differences in cortisol change from pre-to postscan during the emotional perception task will be related to greater activation in the limbic and regulatory regions of the brain, and (4) increased brain activation in the limbic and regulatory regions of the brain during the emotional perception task will be associated with poorer performance on the task.
Methods

Participants
Twenty-six participants (10 female) were recruited as healthy control comparison subjects for one of two studies, an investigation of emotion processing in Cushing's disease [5] and an investigation of emotion processing in major depressive disorder [37] . Participants for both studies were recruited through advertisements at the University of Michigan and in the surrounding communities. Healthy controls for the study of Cushing's disease were scanned from 2005 to 2008, and healthy controls for the major depressive disorder study were scanned from 2007 to 2012. In the current study, participants ranged in age from 18 to 65 years, with an average age of 37.2 years (SD 17.2). For both studies, individuals were nonsmokers and medication free, including hormonal contraceptives and hormone replacement therapy for female participants. The menstrual cycle phase on the day of scanning was not collected for female participants. Participants were excluded from scanning if their weight exceeded 220 pounds (body mass index >35).
Procedure
Upon arrival at the study laboratory, participants completed informed consent and were interviewed by a psychologist or a clinical psychology trainee at the advanced graduate level in accordance with the Structured Clinical Interview for DSM-IV (SCID-IV) nonpatient edition. Only participants who did not endorse any past or current psychiatric or neurologic disorder, including alcohol or other substance abuse or dependence (both for themselves and first-degree family members), were included. Participants were also screened using a structured interview to assess them for neurological conditions and for fMRI safety. At the time of the screening interview, participants were briefed on the scanning procedure. The fMRI data were collected on a separate day following the screening interview. All participants in the current study were run through an identical screening, diagnostic, neuroimaging, and cortisol protocol, including acquisition of images in the same 3-tesla Signa scanner. Upon arrival, participants' salivary cortisol (prescan cortisol) was measured (see procedure timeline, online suppl. fig. 1 ; for all online suppl. material, see www.karger. com/doi/10.1159/000369027). Participants were then guided through a practice run of the study tasks while outside of the scanner in order to limit learning bias in the results. The study tasks, including the facial emotion perception test (FEPT), were then administered in the scanner, for a total time of approximately 70 min (including placement). After being removed from the scanner, participants were given a brief break before providing a final saliva sample. Finally, all participants were debriefed and compensated for their time.
Salivary Cortisol Collection and Assay
Participants provided saliva samples 15-30 min prior to entering the scanner and approximately 20-35 min following completion of the 25-min FEPT [38, 39] , using Salivette Cortisol tubes (Sarstedt AG & Co.; online suppl. fig. 1 ). These cortisol measurements provide an assessment of participants' anticipatory stress related to the fMRI tasks/scanner, as indicated by prescan cortisol level, and of their response to the FEPT, as indicated by measuring the change between prescan and postscan cortisol levels. Scans were collected between 8 a.m. and 4 p.m., though the majority of the scans (62%) were collected in the morning. Scheduled arrival times for scanning assured that all participants were awake at least 1 h prior to scan to diminish the impact of the cortisol awakening response. Although participant wake time was not available, the time of scan was recorded and transformed into a 24-hour variable for use as a covariate in imaging regression analyses to account for circadian profile throughout the day. Due to concerns about prescan anticipatory stress with fMRI, we invited the last 13 subjects (5 female) to provide additional saliva samples throughout a nonscan weekday. These subjects consented to collecting saliva samples at 8 a.m., 12 p.m., 4 p.m. and 9 p.m. during the course of their normal weekday activities (Tuesday, Wednesday or Thursday) on a day different from the fMRI scan. These measurements allowed for a rough comparison of baseline cortisol to pre-and postscan levels assessed on the day of fMRI participation.
All cortisol samples were stored at -80 ° C until they were sent to the Clinical Ligand Assay Service Satellite (CLASS) Laboratory at the University of Michigan School of Public Health Department for analysis. The competitive immunoassay was on a Siemens Centaur automated analyzer, using chemiluminescent technology. The inter-and intra-assay coefficients of variation at 0.7 μg/dl were 12.4 and 3.6%, respectively [40] . Average prescan cortisol was 0.62 μl (SD 0.42) and postscan cortisol was 0.54 μl (SD 0.55). To allow for comparison to other studies, all cortisol values (μg/dl) were log transformed. The log-transformed and raw cortisol values were highly correlated ( r = 0.87). One subject was excluded from prescan cortisol modeling and 1 subject was excluded from postscan cortisol modeling for having insufficient quantities of saliva for analysis. The 2 subjects missing one cortisol sample were excluded from analyses of cortisol change (pre-to postscan cortisol change), resulting in 24 subjects for this regression model. To assess cortisol change over the course of the experiment, a standardized residualized change score was computed by regressing the postscan cortisol sample on the prescan sample. A residualized change score is preferable to a difference score because it adjusts for individual differences in prescan cortisol. The residualized change score, in the majority of cases, will be negative, consistent with the typical decline in cortisol for any two consecutive measurements during the course of a day. Thus, individual differences in the presence and amount of decline, or the absence thereof, can be assessed as they relate to blood oxygenation level-dependent (BOLD) changes.
Facial Emotion Perception Task
The FEPT [5, 37, 41 ] was designed to assess both the accuracy and speed with which participants can identify facial expressions. As part of the task, participants also identify animals, in order to provide a way by which to control for visual processing ability and fine motor speed and isolate the face-specific performance. During the task, participants categorize faces (MACBrain Foundation) [42, 43] into one of four categories (fearful, angry, happy, or sad) and animals into one of four categories (dogs, cats, primates, or birds). To limit the bias introduced by learning, participants first complete a trial run with the same timing and instructions, outside the scanner, using the Ekman faces [38, 44] . The task was designed based upon prior work to detect biases in emotional identification, so, neutral faces are presented for some trials, yet neutral is not a choice available to participants.
Each trial began with a briefly presented orienting cross (500 ms) followed by presentation of the stimulus face or animal (300 ms), a visual mask (100 ms), and a response window (2,600 ms) during which participants select the category of choice using a 5-button response claw. The practice run, which was conducted outside of the scanner, included 12 animal trials and 43 face trials and ran for 7 min. The in-scanner version of the task was comprised of 56 animal and 147 face trials and ran for 25 min, with 21 face blocks and 8 animal blocks of 7 consecutive stimuli separated by 2 repetition times (TRs; 3,500 ms) across 5 runs. To control for any unanticipated effects on subsequent processing speed or accuracy, the emotions portrayed on the faces were counterbalanced to the second order, such that every emotion was equally likely to be followed by every other emotion. For example, there was an equal number of fear faces preceded by and followed by every other emotion. This allows for deconvolution of individual emotion events, as each event is separated by at least 2 TRs, and similar events are separated by at least 4 TRs. Dependent variables were the number of faces correctly categorized and the speed of response time for each emotion. Accuracy for correctly identified facial emotions (face accuracy) for this sample was 83%, with an average reaction time of 1,296.3 ms (SD 142.6), which is consistent with previous findings [38] .
fMRI Acquisition and Processing Whole-brain imaging was performed using a GE Signa 3-tesla scanner. fMRI series consisted of 30 contiguous oblique-axial sections acquired using a forward-reverse spiral sequence. The image matrix was 64 × 64 over a 24-cm field of view (FOV) for a 3.75 × 3.75 × 4 mm voxel. The 30-slice volume was acquired serially at 1,750 ms temporal resolution for a total of 590 time points for the FEPT. One hundred six to one hundred twenty-four highresolution Fast SPGR IR axial anatomic images [TE = 3.4 ms, TR = 10.5 ms, 27° flip angle, number of excitations = 1, slice thickness = 1-1.2 mm, FOV = 24 cm, matrix size = 256 × 256] were obtained for each participant for co-registration and normalization purposes.
Processing of images was conducted using SPM8, including slice timing, realignment, motion correction, co-registration, DARTEL warping (using VBM8 toolbox), normalization to the MNI world space, and smoothing with a 5 FWHM filter. Contrast images were derived by subtracting the BOLD signal during the animal-processing blocks from the BOLD signal during the faceprocessing blocks ('faces -animals'). Images from the event-related models were created by subtracting the BOLD signal for emotional face events from neutral face events (e.g. 'fear -neutral'). Fearful and angry faces in particular were chosen for analysis given the ability of threatening stimuli to influence HPA axis and amygdala reactivity in both human and animal studies [9, 22, 45] . Sad and happy, in comparison to neutral, faces are included as online supplementary tables 1 and 2 for purposes of completeness.
Data Analysis
The SPM8 hemodynamic response function model was used to model the BOLD response. Multivariate linear regression analyses were conducted using whole-brain analyses from the individual group contrasts in SPM8. All coordinates for activation foci were translated from MNI to Talairach space. Statistical significance for regression analyses in SPM8 was set at p < 0.005, with a cluster minimum of 440 mm 3 (55 2-mm cubic voxels). Based upon 1,000 Monte Carlo simulations with AlphaSim inside the wholebrain search region, a whole-brain corrected α of 0.05 is achieved with this combined height by extent threshold strategy [46] . Based upon a priori hypotheses, the hypothalamus, amygdala, and hippocampus were used as regions of interest (ROI), with Bonferroni correction, as well as an extent threshold of 15 mm 3 . Post hoc analyses used extracted data from regions identified in analyses to probe underlying performance correlates.
All regression analyses were completed with gender, age, percent of correctly identified faces (face accuracy), and time of scan (converted to 24-hour time variable) as covariates. Multivariate linear regression was used to determine if prescan cortisol levels were predictive of activation in the limbic and regulatory regions of the brain during the task and to determine if activation in the limbic and regulatory regions of the brain during the task were predictive of cortisol change across the task in those with preand postscan measurements. Multiple regression was also used to examine whether brain activation in the limbic and regulatory regions of the brain predicted poorer task performance. The dependent variables of interest were brain activation for 'facesanimals' (block), 'fear -neutral' (event-related model), 'angerneutral' (event-related model). 'Sad -neutral' and 'happy -neutral' were included for completeness, although there is a weaker link between these emotions and stress reactivity. These data are available in online supplementary tables 1 and 2.
Results
fMRI Cortisol and Baseline Day Cortisol
To evaluate whether the anticipation and completion of fMRI alters cortisol change from baseline (hypothesis 1), weekday cortisol values were used to create an interpolated trend line representing average cortisol across the day for the subsample (n = 13). Time of scan was linearly related to cortisol level. The trend line is depicted in figure 1 and includes standard error bars with raw scores to evaluate fit. Pre-and postscan cortisol values were plotted for each subject (n = 26) against the interpolated trend line. There was an average of 16% increase in cortisol for the prescan measurement compared to baseline assessments on a nonscanning day, a small effect size ( d = 0.28). Sixteen individuals had values above the interpolated baseline and 10 had values at or below the baseline, adjusting for time of day. For a more specific analysis, to make certain that there were no undue influences of cortisol measurements from those who contributed baseline values, the analyses were repeated for only the 13 participants who contributed values at baseline and during the scanning day. There was a 20% increase of cortisol at baseline relative to the baseline day. Nine subjects exhibited an increase in cortisol, 3 subjects showed a decrease, and 1 subject had no change relative to the interpolated baseline from the same subjects. Age and gender were not related to cortisol values.
Individual Differences in Prescan Cortisol and BOLD Activation to Emotional Faces
To evaluate whether greater prescan cortisol was associated with increased activation in limbic regions (hypothesis 2), prescan cortisol levels were regressed onto activation for fearful faces ('fear -neutral' contrast) ( table 1 ; fig. 2 ). Those with higher prescan cortisol had greater activation in the cingulate gyrus, anterior cingulate and postcentral regions for the 'fear -neutral' contrast ( fig. 2 a) . There were no significant foci of activation in the 'anger -neutral' contrast in the regression with prescan cortisol. Activations for contrasts of 'sad' and 'happy' are reported in online supplementary table 1. Activation for the 'sad -neutral' contrast was not associated with prescan cortisol. For the 'happy -neutral' contrast, there was a positive association between prescan cortisol and activation in the right rostral cingulate and precuneus.
Differences in activation for the 'faces -animals' contrast are illustrated in figure 3 and reported in table 2 . Whole-brain-corrected analyses showed activation in the subgenual cingulate gyrus ( fig. 3 a, b) , which was significantly predicted by higher levels of prescan cortisol. ROIs indicated that higher prescan cortisol was also significantly related to greater activation in the right amygdala ( fig. 3 d) and left parahippocampal gyrus. Activation from the subgenual cingulate was significantly positively correlated with the right amygdala and hippocampus (extracted mean activation; fig. 3 c) . Post hoc regression analysis was computed for each emotion as a predictor of activation in the subgenual anterior cingulate and right amygdala. 'Fear' ( B = 0.18, t = 2.49, p = 0.02 ) and 'happy' ( B = 0.77, t = 7.51, p < 0.0001) significantly predicted subgenual anterior cingulate activation for 'faces -animals'. 'Fear' ( B = 0.41, t = 2.64, p = 0.02 ) and 'anger' ( B = 0.43, t = 3.34, p = 0.004 ) predicted significant overall 'facesanimals' activation in the right amygdala.
Individual Differences in Cortisol Change during Scan and BOLD Activation to Emotional Faces
We also examined the association between changes in cortisol from pre-to postscan and activation in response to the 'fear -neutral' contrast (hypothesis 3; fig. 2 ). Positive associations were observed between cortisol change and activation for 'fear -neutral' in the precuneus and lingual gyrus ( fig. 2 b) . In the 'anger -neutral' contrast, activation in the inferior temporal gyrus, superior parietal lobule, precuneus, and rectal gyrus was positively related to change in cortisol ( fig. 2 c) . Activation in the cerebellar tonsil and inferior semi-lunar lobule for whole-brain-corrected analyses was negatively associated with cortisol change. Results of whole-brain corrected analyses for the 'fear -neutral' and 'anger -neutral' contrasts are listed in table 3 . For the 'sad -neutral' contrast (online suppl.
table 2), change in cortisol was positively associated with activation in the bilateral motor cortex, posterior cingulate, and right precuneus. For the 'happy -neutral' contrast, there was also a positive association between change in cortisol and activation in the right putamen and rostral cingulate, left posterior middle temporal gyrus and precentral gyrus, and bilateral precuneus, posterior cingulate, For the 'faces -animals' contrast, activation in the left superior frontal gyrus (whole-brain) was positively associated with cortisol change from pre-to postscan ( table 4 ) . Figure 4 ( table 5 ) illustrates the areas of activation that were significantly negatively correlated with face accuracy when evaluated within the prescan cortisol regression models (hypothesis 4). Whole-brain-corrected analyses indicated an inverse relationship between activation in the superior temporal gyrus and insula and accuracy for identifying facial emotions. Prescan cortisol and change in cortisol were not related to face accuracy.
Emotion Perception Activation Responses Related to Task Performance
Discussion
The current study evaluated differences between cortisol on a nonscan day and fMRI-related cortisol (preand postscan) and examined whether anticipatory corti- sol levels immediately prior to a scan and change in cortisol level during an fMRI scan were related to brain activation and task performance in an emotional face paradigm. Pre-fMRI cortisol levels were higher in subjects relative to baseline averages derived from a subsample of participants on a nonscan day, suggesting potentially heightened levels of cortisol on a scan day. Moreover, individual differences in cortisol prior to the fMRI scan were related to activation in the amygdala, parahippocampal gyrus, subgenual anterior cingulate, and several other limbic regions during both face (vs. animal) and emotional face recognition.
Over 50% of subjects showed prescan cortisol levels above the group time-corrected average on a nonscan day. Individual differences in pre-fMRI cortisol may be capturing anticipatory reactivity [47] , suggesting that anticipation of the fMRI environment may act as a mild stressor, regardless of scan time, even among adults with no personal or family history of mental illness. Although this effect could reflect individual differences, independent of the experience of the fMRI environment, this finding is consistent with previous research [27, 28, 31, 33, 34] and highlights the importance of considering how stress responses may change over the course of an fMRI experiment and/or impact the task performance. Capitalizing on these individual differences in elevation and temporal pattern of cortisol activity may help to reduce heterogeneity in studies of those with active illness (i.e. major depressive disorder and anxiety disorders). Alternatively, these patterns in healthy subjects may result in increased heterogeneity in control samples that weakens control and patient comparisons [11] [12] [13] .
Our results support the hypothesis that anticipatory cortisol is associated with greater activation in limbic and regulatory regions during an emotion-processing task. These increases in limbic activation, along with heightened cortisol levels on the day of fMRI procedures compared to baseline in the subsample of participants, might be conceptualized as an index of individual differences in reactivity with exposure to salient emotional stimuli and the stress of the fMRI scanning environment. Interestingly, activation in the anterior parahippocampal gyrus, amygdala, and subgenual cingulate, key emotion-processing and regulation regions, were positively associated with change in cortisol. Be- cause greater activation of emotion-processing and regulation regions during emotional face paradigms has been linked with psychopathology, this may obscure important differences between patient and control populations. There was also evidence that stress responses may diminish performance when processing emotional stimuli, supporting hypothesis 4 [5] . Activation in regions such as the superior temporal gyrus and insula were related to poorer performance on face accuracy. It is possible that anticipatory stress prior to entering the fMRI environment affects the ability of subjects to perform at an optimal level during an emotion challenge [48] . However, consistent with other studies [49] , cortisol was not found to relate to task performance. Future investigations can more explicitly challenge specific emotions (i.e. fear and anger) to assess the potential effects of cortisol change from pre-to postscan on performance in regions associated with emotional face processing.
We observed an interesting dissociation of links between emotion processing of specific emotions and change in cortisol across the scan. Although there were areas of robust correlation between fear-related activation and cortisol measurements, this was not the case for anger. Historically, fear has a stronger link to HPA function, and the present results are consistent with this area of work [50, 51] . Further investigation of the effect of the fMRI environment on cortisol reactivity and emotional task performance should include clinical populations, including those with higher levels of baseline cortisol, such as individuals diagnosed with major depressive disorder or anxiety disorders.
Several limitations to the current study should be considered when interpreting the results. Although the comparison between cortisol levels on a nonscan day and cortisol before and after the scan is a significant contribution to the growing research on this topic, the use of a small subgroup for the collection of 'baseline' cortisol data and the known individual differences in diurnal cortisol may have influenced results. In the future, researchers should attempt to overcome inherent difficulties in cortisol collection to obtain data that are reflective of an entire sample. Second, most of the subjects in the current study were scanned early in the day, a period when cortisol is typically descending from a peak shortly after waking. This is reflected in the number of negative change scores in our sample. Additional sample characteristics, such as menstrual cycle phase for female participants and subjects' wake time on the day of scanning, should also be collected in future studies, as these can also affect cortisol measurements. Another potential limitation arises from the fact that fMRI data collection was undertaken over a period of 7 years. Upgrades to fMRI equipment and software over time may affect signal quality, which may compromise the reliability of neuroimaging data. Furthermore, we did not evaluate subjective levels of stress prior to or after fMRI. Although relations between subjective stress and cortisol are not typically found [52] , scores on self-reports such as the PANAS-X [53] or subscales of the Brief Symptom Inventory [54] related to anxiety or stress could be used to corroborate the findings of imaging results and pre-/ postscan cortisol measurements. Finally, the wide age range observed here could obscure stronger relationships between cortisol measurements and activation, or even interactions between age and cortisol.
In conclusion, this study provides insights into the relationship between individual differences in cortisol activity and increased activation during an emotional face paradigm. It provides a context for understanding group and individual differences in activation contrasts with emotional content. This study also extends previous findings regarding the effects of fMRI-related stressors on brain activation and subjective task performance and suggests a number of directions for future research that will be important to clarifying the influence of stress and stress hormones related to the fMRI experience on brain activation and task performance during emotion-processing tasks.
